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High levels of reactive oxygen species (ROS) compared to antioxidant defenses are considered to play a major role in diverse
chronic age-related diseases and aging. Here we present an attempt to synthesize information about proximate oxidative processes
in aging (relevant to free radical or oxidative damage hypotheses of aging) with an evolutionary scenario (credited here to Dawkins
hypotheses) involving tradeoﬀs between the costs and beneﬁts of oxidative stress to reproducing organisms. Oxidative stress may
be considered a biological imperfection; therefore, the Dawkins’ theory of imperfect adaptation of beings to environment was
applied to the role of oxidative stress in processes like famine and infectious diseases and their consequences at the molecular level
such as mutations and cell signaling. Arguments are presented that oxidative damage is not necessarily an evolutionary mistake
but may be beneﬁcial for reproduction; this may prevail over its harmfulness to health and longevity in evolution. Thus, Dawkins’
principleofbiological “malevolence” maybean additionalbiologicalparadigm forexplainingtheconsequences ofoxidativestress.
1.Introduction
Thedevelopmentoflifeonearthoccurredalongsidewiththe
formation of free radicals (reviewed by [1, 2]). Free radicals
are atoms, molecules, or ions with unpaired electrons in an
openshell.Freeradicalsplayaroleinkeybiologicalprocesses
such as cell division, cell decay, and death [1]. The cells of all
present aerobic organisms produce the majority of chemical
energybyconsumingoxygenintheirmitochondria,themain
siteofintracellularoxygenconsumptionandthemainsource
of ROS formation.
Mitochondrial sources are represented by the electron
transport chain and the nitric oxide synthase reaction. The
rate of mitochondrial respiration is responsible for the rate
of generation of reactive oxygen species (ROS). Generally,
the higher the metabolic rate of an organism, the shorter is
its maximum lifespan; however, there are some exceptions
to this rule [3, 4]. Estimates of how much oxygen reacts
directlytogeneratefreeradicalsvary;however,typicallycited
values are around 1.5–5% of the total consumed oxygen
[5, 6]. These estimates have been questioned by Hansford
et al. [7], and Staniek and Nohl [8], who suggested that
H2O2 production rates were less than 1% of consumed
O2. Yet, even if we accept a conservative value of 0.15%,
this still represents a substantial amount of free radicals
formation [9]. As mentioned, the rate of generation of H2O2
is dependent on the state of mitochondria as determined by
the concentration of ADP, substrates, and oxygen [10].
Cells use antioxidants to neutralise ROS. The super-
oxide anion (O
￿
2
−), the direct product of mitochondrial
metabolism, is neutralised by superoxide dismutase, produc-
ing hydrogen peroxide H2O2. This ROS is not very reactive;
however, in the presence of some substances, it may trigger
the formation of highly reactive free radicals; for instance,
H2O2 is catalyzed by the free iron bivalent ions and leads
to the generation of hydroxyl radical (OH￿) in the Fenton
reaction.
ROS may have a productive use as well. According to
De Grey and Rae [11] ,e v o l u t i o ni sa ne x t r e m e l yc l e v e r
engineer over the long term, which has learned ways of2 Oxidative Medicine and Cellular Longevity
making the best of a bad job; for example, harnessing
hydrogen peroxide for its own purposes [11]. The beneﬁcial
physiological cellular use of ROS is now being demonstrated
indiﬀerentﬁelds,includingintracellularsignallingandredox
regulation. Thus, our cells also generate some hydrogen
peroxide deliberately for use as a chemical signal that
regulates everything from glucose metabolism to cellular
growth and proliferation [12]. The main synthesized ROS
are superoxide radical and NO, which are produced by
NADPH oxidases and NO synthases in diﬀerent places of
the organism [13] .T h e s ee n z y m e sa r eh i g h l ya c t i v ei nm o s t
of the reproductive tissues, indicating that ROS are indeed
necessary for reproduction. For example, a certain level of
NO is necessary for mammalian spermatozoid maturation
and activation [14]. The functioning of immune system,
senses (sight) and other subsystems depends on use of
ROS. The organisms have adapted their entire physiological
machinerytoouroxidativeword.Oxidationallowsobtaining
energy for living and reproduction from diverse sources
that were not available before the great oxidation event.
2,500mya signiﬁcant amounts of O2 appeared in the earth’s
atmosphere as a byproduct of the photosynthesis of blue-
green algae, which enabled the development of anaerobic
organisms (reviewed by [1, 2]). Thus, the problem is not
the existence of ROS in living systems, but in the imbalance
between ROS and antioxidants, that is, oxidative stress.
Oxidative stress was ﬁrst deﬁned by Sies [15]a s
“a disturbance in the pro-oxidant-antioxidant balance in
favour of the former, leading to potential damage.” Normal
metabolism is associated with unavoidable mild oxidative
stress resulting in biomolecular damage that cannot be
totally repaired or removed by cellular degradative sys-
tems, including lysosomes, proteasomes, and cytosolic and
mitochondrial proteases. Based on the amount of oxygen,
altered nucleotides detected in human urine, it has been
estimated that approximately 2 × 104 oxidative DNA lesions
occur per human genome every day [16]. The end result
of these intrusions is impaired individual health. There is
growing scientiﬁc evidence that oxidative stress is associated
withchronicdegenerativediseaseslikecancer,cardiovascular
diseases, and diabetes and is considered an important factor
in aging [1, 16].
Endogenous production of free radical and antioxidant
defence systems in humans are very similar to those in
many other mammals; however, there are animals with
lessermitochondrialproductionoffreeradicalsand/orbetter
antioxidant defence. For example, the idea that animal
species that are exceptionally long lived for their body
size (e.g., birds, turtles, bats, mole rats, etc.) are somehow
resistant to oxidative damage is receiving a certain amount
of attention by aging researchers. However, the nature of
this resistance seems to be very complex, and a considerable
amount of evidence addressing this premise to date has been
equivocal. The question arises as to why evolution hasn’t
provided us (and many other animals) with such a seemingly
beneﬁcialphenotype.Sometheoriesconsideroxidativestress
as a mistake or imperfection of basically “benevolent”
biological processes “programmed” for preservation of life
(homeostasis). To the contrary, some theories imply that at
leastsomedamagingeﬀectsofoxidativestress(likeaging)are
“programmed” to favour reproduction. The central concept
of evolutionary senescence and life-history theory is the
fact that oxidative stress is a normal byproduct of oxidative
metabolism, while at the same time prooxidant molecules
play crucial roles in normal cell signalling processes. This is a
great example of an evolutionary scenario in which organ-
isms have presumably been selected to trade oﬀ between
the costs and beneﬁts of essential but risky biochemical
physiological processes (or genes with good early and bad
late eﬀects), and between somatic maintenance, growth,
survival, life span, and reproduction. There are many aging
theories, but none of the theories can explain the aging
process in all the details, and some of the theories overlap.
For example, mutation accumulation theory [17, 18]a n d
antagonistic pleiotropy theory of aging [19]a r en o tm u t u a l l y
exclusive, as both evolutionary mechanisms may operate at
the same time. The main diﬀerence between the two theories
is that in the mutation accumulation theory, genes with
negative eﬀects at old age accumulate passively from one
generation to the next while, in the antagonistic pleiotropy
theory, these genes are actively kept in the gene pool by
selection [20]. Additionally, the disposable soma theory was
proposed [21, 22], which postulated a special class of gene
mutations with the following antagonistic pleiotropic eﬀects;
these hypothetical mutations save energy for reproduction
(positive eﬀect) by partially disabling molecular proofread-
ing and other accuracy promoting devices in somatic cells
(negative eﬀect).
The evolutionary theory of aging is actually part of life
history theory. Life history studies the changes organisms
undergo from conception to death, but focuses particularly
on the schedule of reproduction and survival [23, 24]. The
evolutionary theories of aging are not ultimate completed
theories, but rather a set of ideas that themselves require
further elaboration and validation [25]. Additionally, there
is a need to establish the link between ROS and reproductive
aging in free-living animals [26].
Theroleofoxidativestressintheagingprocess,especially
from an evolution point of view, will be discussed with an
attempt to provide evidence or explanation of how oxidative
stress can be seen as an imperfect adaptation of human
evolution. A systematic confrontation of phenomena of
oxidative stress against the basic theories on adaptation of
beings to environment will be presented.
2. Theories on Adaptation of Beings to
Environment
Two basic theories exist regarding the adaptation of beings
to their environment. One of them is the theory of perfect
adaptation of animals to the environment or “adaptation-
ism,” deﬁned as “that approach to evolutionary studies
which assumes without further proof that all aspects of
morphology, physiology, and behaviour of organisms are
adaptive optimal solutions to problems” [27]. Some of the
most representative adaptationists are Cain [28], Hamilton,
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The second basic approach is the theory of imperfect ad-
aptation to the environment that treats “constraints on per-
fection” [29] as essential features of the biology of animals.
Some arguments of Dawkins, the most prominent represen-
tative of this theory, are the following [29]:
(i) “time lags” (genes of present beings were selected in
some earlier era when conditions were diﬀerent),
(ii) contradictory biology because of “historical con-
straints” (genes carry the heritage of adaptations to
many types of past environments and might thus be
contradictory),
(iii) “mistakes due to environmental unpredictability”
(organisms adapt to the “average” environment not
to all environmental speciﬁcs at a given time),
(iv) “constraints of costs and materials” (every evo-
lutionary adaptation must cost something in lost
opportunities to do other things and to adapt),
(v) biological “malevolence”; animals tend to maximise
the survival (reproduction potential) of genes in peril
even if that threatens to damage their own health.
Following the above list of Dawkins’ arguments, the pa-
per presents evidence and poses some unanswered questions
regarding the imperfect nature of oxidative stress.
3. Questions regarding Problems of Time Lag,
“Average Past Environment”and
Contradictory Evolutionary Heritage
There is no doubt that the past evolutionary conditions
shaped our present biology. However, beings need many
generations to adapt to a new environment. One of the
problems that this might cause is a time lag in adaptation to
environmental changes. For instance, the quality of the air,
especially its oxygen content has changed considerably dur-
ingevolution[30,31].About1,300mya,theconcentrationof
O2 in the atmosphere was only about 1%; 500 million years
ago, it rose to about 10% and 5 million years ago reached the
present level of about 21%. Currently, then, concentration of
O2 in the air is higher than it was most of the time during
the evolution of species. Have present day aerobes adapted
perfectlyto this high concentrationof O2?H o wfarbac kd oes
our biological memory reach?
Antioxidant subsystems are very old (most part of
the antioxidant system of humans is present at all the
vertebrate systems) and developed early in the evolution,
most probably together with increased concentration of
oxygen in the atmosphere. The principles of cell defence
against oxidative stress, for example, the nature and role of
antioxidants and antioxidative enzymes acting to decrease
ROS concentrations, the repair of damaged macromolecules,
and the elimination of irreparable proteins are basically
similar at all levels of cell organization [32]. One of the
oldest antioxidants, common to all animals and plants,
is melatonin, which evolution probably introduced shortly
after the appearance of the ﬁrst photosynthetic bacteria [33].
Mitochondria are much younger, but still very old and a very
conservative cell subsystem as well.
All these biological subsystems had to adapt to ever
changing food, air, and other environmental conditions. The
increase of oxygen concentration in the air, for example,
experienced long periods of major oscillations that might be
an additional source of problems of biological adaptation.
During most of the Palaeozoic, its concentration didn’t reach
15%, but, in the Carboniferous era, it rose sharply, reaching
a peak of about 35% (286mya), falling again below 20%
during the early Mesozoic and rising again to about 25% at
the beginning of the Tertiary (60mya), to fall gradually to
the present atmospheric level of 21% [1, 2]. Which is then
the “average past environment” that our most conservative
antioxidant subsystems and mitochondrial processes have
mostly adapted to?
4. “Costs andMaterials”
One of important causes of imperfect defence from ROS
damage is its high cost in terms of energy expenditures. The
body uses energy from food for metabolism, reproduction,
repair, and maintenance. Thus, mechanisms that protect
cellsfromoxidativestress(e.g.,endogenousantioxidantsand
DNA repair processes) are consuming signiﬁcant amounts of
energy when being activated in all compartments of a cell
all of the time. It may require too much energy to build
enough defences to prevent all oxidative damage all the time
throughout the life of an organism. Kowald and Kirkwood
[34, 35] proposed a quantitative MARS (mitochondria,
aberrantproteins,radicals,andscavengers)model.Usingthis
simulation, they predicted that virtual immortality might
be achieved if 55% of the total energy of the simulated cell
was devoted to repair and/or prevention of free-radical and
oxidative damage. It is the compromise in allocating (less)
energy to the repair mechanisms that causes the body to
deteriorate gradually with age [21]. Limited food supply
inﬂuenceslifespan.Amongmammals,thelong-livingspecies
aregenerallythosethataremosthighlyevolvedandtherefore
possess the most sophisticated mechanisms for competing
for food although exceptions could be found like longevous
trees and apparently immortal bacteria. Let’s explain the
problem of costly defence from ROS using examples of aging
problems and infections.
4.1. Aging. Nature is a highly competitive place and almost
all animals in the wild die before they attain old age and
their maximum lifespan [36]. For example, 90% of wild
mice are dead by the age of 10 months although the
same animals might live for three years in a protective
environment [37, 38]. If 90% of wild mice die within 10
months, any investment in maintenance to keep the body
in good condition much beyond this point is beneﬁcial
for 10% of the population at most. This immediately
implies that there will be little evolutionary advantage in
building long-term survival capacity into a mouse [36].
The argument is further strengthened when we observe that
nearly all of the survival mechanisms required by the mouse
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require metabolic resources. These are scarce, as is evidenced
by the fact that the major cause of mortality for wild mice is
lack of food and hypothermia, due to insuﬃcient energy to
maintain body temperature [39]. From a Darwinian point
of view, the mouse will beneﬁt more from investing any
spareresourcesintothermogenesisorreproductionthaninto
improvement of DNA repair capacity necessary to ensure
adequate function for a limited time period [36]. The fact
that endogenous antioxidant defences and repair systems are
notautomaticallypresentallthetimebutmustbeinducedby
elevated ROS formation suggests that they are indeed costly
from energetic point of view.
Therefore, there is no evolutionary drive to keep the
body ﬁt for the long haul—not much selection pressure for
traits that would maintain viability past the time when most
animals would most likely be dead, killed by predators or
disease, accident, coldness, or famine. According to some
theorists, long postreproductive lifespan is selected against
because such aged individuals consume food resources
while not contributing further to the gene pool [40, 41].
Evolutionary processes evolved to favour investing more
energy in the germline at the expense of the soma. Human
germ cells have arguably lived for millions of years through
aninvestmentinDNA-repairenzymes,antioxidantenzymes,
and telomerase [42] .T h ea l l o c a t i o no fm o r ee n e r g yt ot h e
germlineallowsustoreproducemoreeﬀectively,transferring
DNA to our children with more accuracy and with lower
frequency of lethal genetic aberrations. It also allows us
to reproduce longer; the germline maintains its integrity
for longer periods, and we have healthier children later in
life. From this perspective, having the somatic cells that
protect the germline periodically replaced is a small price to
pay for the evolutionary advantages that drastically increase
ﬁtness [43]. In general, when a species has fewer predators,
evolution invests fewer resources into speedy reproduction
and more into genetic resources (DNA repair, etc.), that is,
into a longer reproductive period (longer life).
4.2. Infections. Chronic inﬂammation is a source of cellular
damage. When an infection occurs, immune cells secrete
large amounts of free radicals to combat the invader. But
these inﬂammatory chemicals also attack normal tissue
surrounding the infection and damage critical components
of cells, including DNA. During chronic inﬂammation, that
damage may lead to mutations or cell death and even to
cancer and other diseases [44–48].
Thus, a better cell antioxidant protection system would
favour a quicker recovery in cases of inﬂammation, but
in evolution it hasn’t developed probably because of the
necessary high expenditure in terms of costs and materials
that are always limited. Besides, innate, inﬂammation-based
immunityistheﬁrstlineofvertebratedefenceagainstmicro-
organisms. Inﬂammation relies on a number of cellular and
molecular eﬀectors that can strike invading pathogens very
shortly after the encounter between inﬂammatory cells and
the intruder, but in a nonspeciﬁc way. Owing to this nonspe-
ciﬁc response, inﬂammation can generate substantial costs
for the host if the inﬂammatory response and the associated
oxygen-based damage get out of control [49].
5.“Malevolence”—Programmed Damaging of
Individual Health and Longevity in Favour of
Gene(Species)Reproduction
These views of oxidative damage might be considered as
“benevolent” imperfections, they are mistakes, or “malus
minor”, in biological functioning that tend to reach indi-
viduals best (including longevity), but constraints in living
conditions prevent reaching it in a perfect way. The principle
of “malevolence” means that individual’s biology doesn’t
tend toward longevity, but rather reproduction and therefore
health and longevity damage are biologically programmed.
The ﬁrst to use the term “malevolence” in similar sense was
Dawkins as a part of his theory of imperfect adaptation to
environment, referring to the principle of “mistakes due to
environmental unpredictability or “malevolence”.
The duplication is successful if the copies are the same
as the original (the principle of ﬁdelity) and if they are
numerous (the principle of fecundity) [29]. Conditions
required for multiplication are usually diﬀerent from those
needed for health and reproduction and usually prevail over
survival. As the body is just a vehicle for gene multiplication
[50], the soma is programmed to function for eﬃcient
reproduction and to be sacriﬁced when it is not useful
for this purpose. According to Metcalfe and Alonso-Alvarez
[26], oxidative stress may both stimulate and be caused by
reproduction.
Biological “malevolence” might be found not only on
the physiological level but on the behavioural (instinctive)
as well.
5.1. Malevolent Instinctive Behaviour. In biology, it is well
known that the desire for multiplication is the strongest
instinct in nature [51, 52]. However nutritional instinct
seems to be mostly regulated by reproductive needs as well
(see [53, 54]). Here we brieﬂy review some nutritional cases
of malevolent instinctive drives from the aspect of oxidative
damage:
5.1.1. Instinctive Repulsion of Caloric Restriction. T h e r ei sa
growing corpus of research evidence that caloric restriction
reduces the mitochondrial production of free radicals (as the
most important internal source of reactive oxygen species)
and enhances the antioxidant defence of organisms [1, 2,
55]. Tests performed on diﬀerent species, from unicellular
organisms to primates, have shown that a reduction of
30 to 50% of caloric intake (whilst retaining the intake
of essential nutrients) extends the lifespan by about 30 to
50% and also improves health [56, 57]. Concurrently, the
same reduction of caloric intake reduces fertility and causes
retardation of sexual maturation [56–58] as sexuality and
other reproductive function are energetically demanding
processes.
Hypothetically, a being could choose nutrition suitable
for longevity or for reproduction. However, instinctive
drives prevent animals from choosing that caloric restricted
nutrition that is best for their longevity and leads them
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intake produce stress hormones [40, 41] and rather intense
discomfort of hunger.
In the previous section, we presented arguments of some
researchers who claim that a long postreproductive lifespan
is selected against because such aged individuals consume
food resources although, for example, old women could
contribute by maternal care on grandchildren, which could
partially explain diﬀerences in longevity between sexes in
the human beings. This explanation is weakened by research
results showing that a longer lifespan could be achieved
with the same amount of food without minor reproductive
success. Research on middle aged and old animals also shows
that caloric restriction boosts their health and longevity
[40, 41] although, again, some authors defend that the
beneﬁcial eﬀects of caloric restriction mostly act in young
developing individuals (e.g. [59]). Thus, nature could evolve
instinctive preference of old subjects for a caloric restricted
diet achieving a longer lifespan with the same total amount
of food consumption (eating less food daily for a longer
period). Instead, it also pushes old individuals to a self-
destructive caloric rich diet.
5.1.2. Instinctive Drive for Oxidising Nutritional Patterns.
Otherinstinctivenutritionaldriveslikeattractivenessoffood
stimulantsandcookedfood[53,54]alsoseemtobe“malevo-
lent.”Smoking[60]andalcoholabuse[61]arestrongsources
of oxidative stress. The ﬁnal result of consumption of drugs
is depletion of body energy resources [62, 63]. However, all
animals search for food stimulants [64, 65]. The inclination
of humans towards alcohol consumption is not a result of
prevalent past nutritional practice [66]; this seems to be a
more permanent innate preference of diﬀerent species.
The oxidising food induces a quick transformation into
blood sugar [62], which is useful for energy-demanding
reproductive functions [54]. It is well known that heat
treatmentoffooddestroyssomeimportantantioxidants(like
vitamin C and E). It also causes the transformations of some
nutrients into mutagenic and carcinogenic oxidants [54].
However, many wild animals, including great apes, prefer
cooked food to raw [66]. Cooking speeds up the absorption
ofenergyfromfood,whichisbeneﬁcialforreproductionand
thus is instinctively preferred despite health damage in the
long run [54].
5.2. Malevolent Physiology
5.2.1. Mutations. An example of malevolent event might
be a mutation. Most mutations are harmful. From the
individual point of view, they cause damage or are not
useful at best. However, in view of gene reproduction in a
dynamic environment, they are very useful. Once in a while,
am u t a t i o no ﬀers a survival and reproductive advantage in a
given environment [67]. In humans, spermatozoa frequently
possesses high level of nuclear damage [68]. Several studies
in vertebrates indicate that the mutation rate is higher in
spermatogenesis than in oogenesis [69–71]. Velando et al.
[72] proposed the hypothesis that the oxidation of DNA in
the germ line is a prominent force in the evolution of mate
choiceand sexualsignalling. Thehypothesis assumesthat, by
avoiding oxidatively damaged sperm, the choosy sex avoids
heritable eﬀects derived from oxidative DNA damage.
There are species which reduce oxidative stress by
stabilizing mitochondrial structure and energy eﬃciency.
Exceptionally long-living mammals and birds have a more
peroxidation-resistant membrane composition compared to
shorter-livingsimilar-sizedmammals[73,74].Saturatedand
monounsaturated fatty acids are resistant to peroxidative
damage while the more polyunsaturated a fatty acid is, the
more susceptible it is to peroxidation. In the case of birds,
the mitochondrial membranes show lower levels of fatty acid
unsaturation, mainly due to a substitution of highly unsatu-
rated fatty acids by linoleic acid, making these mitochondria
moreresistanttolipidperoxidation.Additionally,theprotein
complexes of the respiratory chain of mitochondria generate
fewer free radicals in birds [73, 74] .B i r d st h u sh a v ea
much higher maximum longevity than mammals of similar
metabolic rate [73, 74]. There are examples of species that
have a much more eﬃcient DNA repair system than others.
Species like Blanding’s turtle (Emydoidea blandingii)a n d
painted turtle (Chrysemys picta) have not shown signs of
aging in studies lasting decades [75, 76]. This phenomenon
seems to occur due to the uniqueness of telomere biology
in turtles [77], and some evidence suggests that the cells of
turtleshaveenhancedmechanismstoprotectagainstreactive
oxygen species formation and damage [78]. Krivoruchko
and Storey [79] suggested other mechanism, that is anoxia
tolerance, which includes metabolic rate depression, strong
antioxidant defenses, activation of speciﬁc stress-responsive
transcription factors, and enhanced expression of cyto-
protective proteins. However, this might be an obstacle for
their evolution. Some species of turtles have remained the
same since the era of dinosaurs.
The intensity and incidence of aging appears to be higher
in mammals than in reptiles. A careful analysis of the aging
phenotype of mammals and reptiles reveals an extraordinary
contrast [80]. For example, reproductive senescence, in the
form of no oocyte regeneration, is thought to occur in all
studied mammals, but not in reptiles. Continuous tooth
development is another common feature of reptiles absent
from nearly all mammals. Therefore, some researchers have
founditbizarrethatallstudiedmammalsfeatureagingwhen
more primitive species such as ﬁsh and reptiles appear to
avoid it [81].
In a dynamic environment, DNA-oxidative damage is
beneﬁcial for genetic pool reproduction, providing genetic
diversity that is a necessary condition of group survival in
such conditions [82].
5.2.2.SenescenceDisruptionofCellSignalling. Apossiblecase
of “malevolent” physiological change is the senescence decay
of cell signalling based on ROS.
ROS induce various biological processes that include
a transient elevation of intracellular Ca2+ concentration,
phosphorylation of speciﬁc proteins, activation of speciﬁc
transcription factors, modulation of eicosanoid metabolism,
and stimulation of cell growth [10]. Nitric oxide was
identiﬁed as a signalling molecule as early as 1987 [83]a n d
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activities and other determinants of gene expression. Hydro-
gen peroxide and superoxide have similar intracellular eﬀects
[84]. ROS can aﬀect directly conformation and/or activities
of all sulfhydryl-containing molecules, such as proteins
or glutathione (GSH), by oxidation of their thiol moiety.
Among many other enzymes and membrane receptors, this
type of redox regulation aﬀects many proteins important
in signal transduction and carcinogenesis, such as protein
kinase C, Ca2+-ATPase, collagenase, and tyrosine kinase
[85]. For several transcription factors, ROS are physiological
mediators of transcription control [86]. The well-known
examples of redox-sensitive transcription factors are nuclear
factor-κB( N F - κB) and activator protein-1 (AP-1). Thus,
increased oxidative stress is not beneﬁcial for the cell;
however, an increase in cellular antioxidants might impact
redox regulation and signal transduction. The complete
elimination of free radicals would thus disrupt, rather than
extend, the normal functioning of the body.
To control these reactive species with “two faces,” cells
evolved complex and critical regulatory mechanisms which
become disrupted with age [87]. Senescence is just an
example of the pathophysiological implications of redox
dysregulations [88]. The initiation of aging is marked by a
shift from redox regulation to redox dysregulation [58]. Why
this shift takes place is not yet clear. This could be considered
as a biological “malevolence” towards aged individuals that
are mostly useless for achieving the primary evolutionary
goal—genes reproduction.
6. Conclusions
The paper presents some explanations for oxidative stress
phenomena applying the ﬁeld of Dawkins’ theory of imper-
fect adaptation of beings to the environment. In this
theory, the principle of “malevolence” plays a central role,
and, according to Dawkins, there are objective historical
constraints for perfect adaptation to environment (the
problems of evolutionary “time lag,” contradictory heritage
from diﬀerent past evolutionary eras, constraints in cost
and materials...); however, the criterion of adaptation of
beings to environment is reproductive success, not longevity.
Health is supported as long it is needed for reproduction.
Many studies have been devoted to explore the diﬀerent
perspectives on the role of oxidative stress as constraint in
life-history evolution [26, 89, 90]. In numerous species, it
hasbeenobservedthatlongevityisnegativelycorrelatedwith
reproduction, but the physiological basis of this cost is not
well understood. The study of Salmon et al. [91]o nf r u i t
ﬂies suggests that oxidative stress susceptibility is associated
with increased egg production in Drosophila melanogaster
andisthusaphysiologicalcostofreproduction.Additionally,
Alonso-Alvarezetal.[92,93]showedthatmaleZebraﬁnches
treated with testosterone had a reduced ability to ﬁght free
radicals [94]. Results suggest that only high-quality males
should be able to aﬀord the oxidative challenge promoted by
testosterone [94].
Our review expands the earlier ideas of the disposable
soma theory. We additionally suggest that oxidative stress
is the basic mechanism of disposable soma theory. The
review presents some additional evidence of the malevo-
lent nature of oxidative stress phenomena. Senescence is
the subproduct of this evolutionary strategy leading to
increaseing individual Darwinian ﬁtness. Considering the
central role of this principle in Dawkins theory raises the
question:Mightthereproductivebeneﬁtofoxidativedamage
be viewed as a general cause of oxidative stress phenomena?
Is such a “theory of oxidative stress malevolence” a correct
explanation for this type of biological damage? Could we
conclude that we oxidize to reproduce?
In the end, we would like to stress the quote by Gavrilov
and Gavrilova [25] about the evolutionary theories of aging:
“They are useful when they open new opportunities for
research by suggesting testable predictions, but they should
never be used to impose limitations on aging studies. This
is because the evolutionary “theories” of aging are not
completed theories, but rather a set of ideas that require
further elaboration and validation.” Thus, the integration of
oxidative stress, into theories of aging and evolution is still
at its beginning. There is a need for a general explanation
of causes for oxidative stress and for this reason the aim of
this paper is to stimulate the scientiﬁc discussion and further
research.
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